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Polycyclic aromatic hydrocarbons (PAHs), a family of persistent organic pollutants with various negative health
effects, are inherently formed during biochar pyrolysis. However, the knowledge regarding the leaching potentials and mechanisms of PAHs remains limited for biochar implementation to soil. In this study we evaluated
the leaching behaviors of PAHs from sewage sludge-derived biochar pyrolyzed at different temperatures
(300–700 °C) using the protocol of Synthetic Precipitation Leaching Procedure (SPLP) with deionized water.
Leachate concentrations of sixteen U.S. Environmental Protection Agency PAHs increased with the increasing
pyrolysis temperature, exhibiting an opposite pyrolytic temperature dependence with their concentrations in
biochar. The total leachate PAH concentration peaked at 700 °C with 11.75 μg/L, corresponding to 15.9% of total
PAHs present in biochar. PAH leaching was associated with the release of hydrophobic organic compounds
(HOCs) that created a mobile phase to facilitate the mobilization of PAHs into water. The enhanced release of
calcium, aluminum, and barium from the biochars with pyrolysis temperature could also favor the leaching of
biochar PAHs, due to the destruction of HOCs-(metal ions)-mineral linkages, which improved the release of
HOCs and HOCs-bound PAHs; and because the extent of metal cross-linking in biochar is reduced, enabling
better diffusion of PAHs through the inner matrix and thus accelerating their desorption.
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1. Introduction

to soil. However, there have not been publications available on how
biochar PAHs leach into water as well as the mechanisms behind the
observed PAH leaching patterns. We herein reported the leaching potentials of 16 U.S. EPA PAHs from sewage sludge-derived biochar
pyrolyzed under different temperatures. This study would provide an
insight into how pyrolysis temperature influences the properties of
SSDB to alter the potentials of PAH mass transfer into an aqueous
phase. The novelty of this study was to explore the leaching patterns of
PAHs from biochar to a water phase and the relationship between the
leaching behaviors and pyrolysis conditions, which are fundamentally
different from previous studies that mostly focused on the formation of
PAHs present in the solid biochar phase, rather than the PAH release.
Significance of these efforts would advance our understanding of the
fate of PAHs in biochar and their potentially negative impacts during
biochar implementation to soil.

Biochar is a persistent, porous, and carbon-rich product synthesized
via pyrolysis, in which biomass is heated at high temperatures under a
zero or low oxygen condition [1]. Benefits from biochar include carbon
sequestration in soil for mitigation of climate change, improvement in
soil fertility, energy production, waste recycling, and environmental
remediation [2–4]. However, safe and long-term biochar implementation to soil for agricultural and environmental applications remains
under investigation [3,4]. One of major concerns is the inherent formation of undesirable products from pyrolysis, such as dioxins [5] and
polycyclic aromatic hydrocarbons (PAHs) from pyrolysis [2]. Pyrolysis
can partly crack organic fraction in biomass into unstable small fragments with highly reactive free radicals, which can be recombined to
produce more stable PAHs [5]. PAHs are a class of persistent hydrocarbon compounds only containing carbon and hydrogen with multiple
carbon rings bonded in linear, angular, or cluster arrangement. Their
toxicity is highly structurally dependent. The National Toxicology
Program of U.S. National Institute of Health has listed fifteen among
more than 100 PAHs as “reasonably anticipated to be human carcinogens” [6]. U.S. Environmental Protection Agency (EPA) has selected 16
PAHs into the Priority Pollutants List due to their carcinogenic, mutagenic, and teratogenic properties. Several PAHs have been reported to
cause negative health outcomes such as irritation of eyes and breathing
passages, blood and liver abnormalities, and cancer [7].
PAH formation during biochar pyrolysis was previously investigated. The reported concentrations of 16 U.S. EPA PAHs broadly
vary between a few tens of μg/kg and several hundreds of mg/kg
[5,8–10]. Their concentrations rely heavily upon feedstock sources and
pyrolysis conditions (i.e. pyrolysis methods, durations, and temperatures). Generally, gasification appears to favor the production of PAHs
than slow pyrolysis; and total PAH concentrations decline with the
increasing pyrolysis time and temperature [5]. Moreover, bioavailable
PAHs in various biochars were also reported, varying from negligible to
more than one hundred ng/L [5]. Although these findings reveal the
relationship of the concentrations of PAHs by ring size with biochar
pyrolysis, the information regarding the leaching potential of PAHs
from biochar into water remains limited.
Sewage sludge is nutrient-rich organic materials resulting from the
treatment of domestic sewage in a municipal wastewater treatment
facility [11,12]. In the United States, sewage sludge is generated at an
annual rate of 13.84 MT dry solids [13]. Unfortunately, more than 50%
is not beneficially utilized. The waste largely produced represents a
biochar feedstock of interest, because: 1) pyrolysis provides a new and
more environmentally friendly disposal approach for sewage sludge,
saving the costs for landfilling and incineration [14]; and 2) the produced sewage sludge-derived biochar (SSDB) can bring multiple benefits in comparison with sewage sludge during the application as a soil
amendment, such as the reduction in solubility and bioavailability of
heavy metals [15] as well as the increase in enzymatic activity of soil
[16]. Furthermore, the sewage sludge-derived biochar exhibits a potential in the alleviation of environmental pollutants, such as the immobilization of heavy metals [17,18] and organic pollutants [19] in soil
and water, enabling a promising, low-cost, and sustainable adsorption
technology for environmental remediation. Studies have been intensively investigated to characterize the biochar derived from sewage
sludge and determine the correlation of its physical and chemical
properties with pyrolysis conditions [20–22]. It should be noted that
PAHs themselves exist in sewage sludge with a broad reported range of
1–370 mg/kg dry weight [23,24]. Although their quantity can be reduced after pyrolysis, the persistent organic pollutants, originally present and/or produced from pyrolysis of sewage sludge organic matter,
still remain in SSDB, like other feedstock-based biochar [10,25].
Because groundwater and underlying soil are contaminated only
after the occurrence of PAH leaching, an understanding of the leaching
behaviors of biochar PAHs is of significance to safe biochar application

2. Materials and methods
2.1. Biochar preparation
Anaerobically digested sewage sludge was collected from the
Edward P. Decher Secondary Wastewater Treatment Facility (Elizabeth,
New Jersey, USA). The facility treats over 300,000 m3/d residential,
commercial, and industrial wastewater from a 168 km2 area using an
activated sludge process. Solid content of the collected sludge was
39 ± 3% on a mass basis. The sludge was dried to a constant weight in
an oven at 105 °C to remove residual water before ground into fine
powders. Pyrolysis was carried out in a tube furnace (STF1200, Across
International) with a nitrogen gas supply (300 mL/min) and a heating
rate of 10 °C/min. Pyrolysis temperature varied at 300, 400, 500, 600,
and 700 °C, separately. Pyrolysis duration was 3 h. Following pyrolysis,
nitrogen gas was continuously supplied until the furnace cooled down.
The SSDB was crashed in a mortar, screened through a 60-mesh sieve,
and stored in a desiccator until use. Biochar yields, expressed on a dry
and ash-free basis, at 300, 400, 500, 600, and 700 °C were 77 ± 3%,
57 ± 1%, 51 ± 1%, 49 ± 1%, and 47 ± 1%, respectively.
2.2. Leaching tests & analysis
Different standard leaching tests are available to examine the release of unwanted chemicals from various material matrixes under
different scenarios. The leaching tests include U.S. EPA Toxicity
Characteristic Leaching Procedure (TCLP) (SW-846 Test Method 1311)
[26], California’s Waste Extraction Test (WET) (Title 22, CCR, §66700)
[27], U.S. EPA Leaching Environmental Assessment Framework (LEAF)
[28], and U.S. EPA Synthetic Precipitation Leaching Procedure (SPLP)
[29]. TCLP is designed to quantify the mobility of both organic and
inorganic chemical species present in liquid, solid, and multiphasic
wastes under an environment simulating waste disposals in landfills.
WET is the test method used in California, together with TCLP, to determine whether a waste is a toxic hazardous waste. For the both
methods, the simulated leaching environments, i.e. waste disposal, are
different from the ones at which biochar is beneficially implemented to
soil. LEAF as a leaching evaluation system provides an estimate of the
release potential of constituents of potential concern (COPCs) from
various solid material matrixes for beneficial use, disposal, treatment
and remediation applications [28]. The methodology has been validated for the leaching of inorganic COPCs, but the new tests for the
leaching potential of organic COPCs remain under development.
Therefore, the three aforementioned leaching tests were not applicable
to the PAH leaching during beneficial application of biochar. In contrast, SPLP is used to determine the mobility of both organic and inorganic chemicals from different materials at the conditions simulating
the exposure to rainfall. Given that our target contaminants are organic
compounds and the potential leaching of biochar PAHs mostly occurs
due to precipitation, SPLP was selected in this study. In the standard
841
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SPLP tests, an acidic extraction solvent is used. However, other solvents
were adopted in previous studies using the SPLP protocol, such as real
rainwater, deionized water, and seawater, to examine the leaching of
target pollutants at different environments. The modified SPLP methods
were successfully used to determine speciation of arsenic leached from
chromate-copper-arsenate (CCA)-treated wood [30] and chemical
leaching from CCA-treated wood ash [31]. In this study, deionized
water was selected as the extraction solvent for testing the water soluble fraction of chemical species in the biochar.
The leaching tests were conducted as follows. One hundred grams of
SSDB were placed in a 2-liter polyethylene extraction vessel. Two liters
of ultrapure water produced using a Milli-Q® Direct 8 water purification
system was added to ensure a liquid-to-solid mass ratio of 20:1. After
the vessel was tightly closed, it was installed on a rotary agitator
(Associated Design and Manufactured Company, 8-vessel, Model 37408). The vessel was rotated at 30 rpm over 18 h at room temperature
(25 °C). After the rotation, samples were filtered through 0.22-μm
membrane filters (Thermo Scientific, cellulose acetate) before analyses.
Sixteen U.S. EPA PAHs were measured using gas chromatography–mass
spectrometry (GC–MS) method. PAHs in SSDB was Soxhlet extracted.
The detailed PAH extraction and analysis procedure is available elsewhere [5]. Solution pH was measured by a pH meter (Thermo Scientific
Orion 5-Star Plus). Dissolved organic carbon (DOC) was analyzed using
a total organic carbon analyzer (TOC-LCPH, Shimadzu Corp., Kyoto,
Japan). UV absorbance was measured at 254 nm using a benchtop UV/
Vis spectrophotometer (DR 6000, HACH). Metals in leachates were
analyzed using an inductively coupled plasma-mass spectroscopy (ICPMS Thermo X-Series II, XO 472) with the U.S. EPA Standard Method
6020 A. For quality control (QC) purposes, blank, replicates, and
standard reference solutions (PAH Mix A, SPEX CertiPrep™, ISO/IEC
Guide 34 Certified, NIST-Traceable Certified Reference Material; VeriSpec™ ICP Tuning Solution 15 (Al, As, Ba, Cd, Co, Cr, Cu, K, Mn, Mo,
Ni, Pb, Se, Sr, Zn) ISO 17025/Guide 34, Ricca Chemical; Cation Mixed
ICP Standard (Ca, Mg, K, and Na), Ricca Chemical) were used during
the experiments. Results of the QCs were all within ± 10% of the stated
value. The analytical results reported here represent the mean values of
the replicate samples. Error bars are one standard deviation of these
measurements.

Fig. 2. Individual PAHs in (a) SSDBs and (b) their leachates at different pyrolysis temperatures.

3. Results and discussion

Consequently, the fractions of total PAHs leaching from biochar exhibited a biphasic pattern with pyrolysis temperature (Fig. 1). During
the first phase, the leaching fraction increased from 0.9% at 300 °C to
4.0% at 600 °C. In the subsequent phase, the PAH leaching fraction
increased to 15.9% at 700 °C.
Concentrations of the sixteen individual PAHs in different biochar
samples are presented in Fig. 2(a). Generally, abundance of PAH species
became less with the increase in pyrolysis temperature. Anthracene was
undetectable in any biochar sample. All the other fifteen US EPA
priority PAHs were observed in the biochars pyrolyzed at 300 and
400 °C, while the number of identified PAH species declined to 6, 5, and
3 at the pyrolysis temperature of 500, 600, and 700 °C, respectively. As
shown in Fig. 3, the fraction of 2 and 3-ring PAH compounds in the total
PAHs decreased slightly from 75.2% at 300 °C to 63.9% at 400 °C and
then dramatically increased to 100.0% at 600 and 700 °C (Fig. 3),
suggesting their dominance over the entire pyrolysis temperature
range. In contrast, 4, 5, and 6-ring PAH compounds became undetectable at ≥500 °C.
Concentrations of individual PAHs in leachates are shown in
Fig. 2(b). Only naphthalene, acenaphthylene, acenaphthene, fluorene,
and phenanthrene were appreciably released, which all possess few (2
or 3) ring structures. Among the five PAHs, naphthalene, the sole 2-ring
PAH, noticeably leached at pyrolysis temperature of 300 and 400 °C,
but became undetectable at ≥500 °C. In contrast, the four 3-ring PAHs
were evidently released from the SSDBs pyrolyzed at all the pyrolysis

We first measured total PAHs in the SSDBs and their leachates
(Fig. 1). Total PAHs in the biochars slightly varied between 13.88 and
15.49 mg/kg over the pyrolysis temperature of 300–400 °C, but sharply
decreased to 1.48 mg/kg as the pyrolysis temperature further increased
to 700 °C, in agreement with the findings in previous studies [5,10].
However, an opposite trend was observed for total PAHs concentration
in their leachates. It slightly increased from 6.22 to 7.48 µg/L with the
increasing pyrolysis temperature from 300 to 600 °C, but considerably
went up to 11.75 µg/L at the pyrolysis temperature of 700 °C.

Fig. 1. Total PAHs in SSDBs and their leachates as well as the leaching fractions
of total PAHs versus pyrolysis temperature.
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though the total organic leaching diminished at a high pyrolysis temperature, were substantially released at a very high pyrolysis temperature. As discussed before, a high pyrolytic temperature favored the
formation of more COM that is typically hydrophobic. The significant
growth of released HOCs observed at 700 °C was consistent with the
substantial total PAH leaching at the same pyrolytic temperature
(Fig. 1), implying the formation and release of HOCs-bound PAHs that
were mobile in water. These observations suggest that the release of
hydrophobic organic compounds (HOCs) from SSDBs might create a
mobile phase to facilitate the mobilization of hydrophobic PAHs from
biochar into water.
The HOCs-facilitated PAH release mechanism was proposed to explain enhanced PAH dissolution or desorption from a solid source
[35,36]. MacKay and Gschwend (2001) found that groundwater PAHs
concentrations at a coal tar site were over purely dissolved concentrations in water, because humic acids in groundwater improved the dissolution of PAHs from the tar source and elevated the solubility by
factor ranging from 3 (pyrene) to 50 (indeno (1,2,3-cd) pyrene). Van de
Wiele et al. (2004) investigated PAH release from a contaminated soil in
their in-vitro gastrointestinal tract. They observed a positive relationship between the PAH desorption and the concentrations of dissolved
organic compounds. And the extent of PAH release relied upon the
compound types. Of note, though the HOCs-enhanced PAH mobilization could clarify the considerable PAH leaching from the SSDB pyrolyzed at 700 °C, the mechanism could not explain the moderately released PAHs from the SSDBs at 500 and 600 °C, because leachate
organic matter was very hydrophilic as indicated by SUVA
(0.57–0.67 L/mg·m). Therefore, the PAH leaching should be simultaneously governed by other mechanisms.
We also investigated the leaching of different metals from these
SSDBs (Fig. 5). The most leachable metals included sodium (Na), potassium (K), magnesium (Mg), aluminum (Al), and calcium (Ca) with
peak leachate concentrations up to several tens or hundreds of mg/L,
followed by barium (Ba), iron (Fe), manganese (Mn), and zinc (Zn) with
the maximum leachate concentrations up to a few tens or hundreds of
μg/L. Leaching of other metals such as cadmium (Cd), chromium (Cr),
cobalt (Co), copper (Cu), nickel (Ni), and lead (Pb) was negligible
(<1.0 μg/L). As seen, the release of Na, K, Mg, Fe, Mn, and Zn generally
declined with the increasing pyrolysis temperature, in consistence with
the findings in literature [22]. In contrast, an opposite profile was noticed for the leaching of Ca, Al, and Ba. Particularly, Ca and Ba were
sharply released from 68.7 to 225.4 mg/L and from 59.8 to 687.5 μg/L,
respectively, when pyrolysis temperature increased from 600 °C to
700 °C. It should be noted that the peak leaching concentration of Ca at
700 °C was much greater than all the other metal ions.
Temperature-enhanced release of the polyvalent metals was likely
ascribed to thermal decomposition and ensuing formation of soluble

Fig. 3. Concentrations of PAH groups with different ring numbers in SSDBs
versus pyrolysis temperature.

temperatures. Generally, their leachate concentrations increased with
the increasing pyrolysis temperature. As such, the structure of leached
PAHs exhibited a gradual transition from 2-ring to 3-ring PAHs with
pyrolysis temperature.
These findings highlight a key role of pyrolysis temperature, which
could have significantly altered chemical structure and composition of
biochar [22], on the PAH leaching. Pyrolysis cannot fully carbonize
biochar, which thus consists of both carbonized organic matter (COM)
and amorphous organic matter (AOM) [32]. COM possesses a more
condensed, aromatic, and non-polar structure, having more highly favorable π-π interactions with planar and aromatic PAHs [5]. Therefore,
it may behave like an adsorbent for capturing hydrophobic PAHs
formed than more aliphatic and polar AOM. Because an increased
pyrolysis temperature tends to improve COM fraction while decreasing
the AOM portion [33], a less PAH leaching is expected for higher
pyrolysis-temperature biochar. However, this expectation was opposite
from our observations in the present study, suggesting that the PAH
release from SSDBs were governed by other mechanisms.
The leaching patterns of dissolved organic matter from the SSDBs
are presented in Fig. 4. Leachate DOC sharply decreased from 189.8 to
7.9 mg/L when the temperature increased from 300 to 700 °C, in consistence with the finding in previous studies [22]. Error bars of leachate
DOC from the SSDB pyrolyzed at low temperature were relatively large,
probably due to greater heterogeneity of chemical composition in the
biochar prepared at a lower pyrolysis temperature. Of interest, we
noticed a different trend for leachate specific UV absorbance (SUVA),
which can provide an indication of types and hydrophobicity of dissolved organic compounds. Generally, SUVA < 2 L/mg·m suggests a
high fraction of hydrophilic, aliphatic non-humic matter, while SUVA
>4 indicates the dominance of hydrophobic humic matter [34]. In this
study, leachate SUVA varied between 0.57 and 1.89 L/mg·m within the
pyrolysis temperature of 300–600 °C, indicating that the leachate organic compounds were mostly hydrophilic. However, SUVA was dramatically increased to 5.97 L/mg·m at 700 °C, suggesting that HOCs,

Fig. 4. Leachate DOC and SUVA for the SSDBs prepared at different pyrolysis
temperatures.

Fig. 5. Metal concentrations in biochar leachate.
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metal compounds. For example, calcium in SSDB partly and even
mostly exists in the forms of anhydrite (CaSO4) and/or calcite (CaCO3),
as evidenced by XRD spectra in other studies [22,37]. Dissolution of
anhydrite would contribute to part of the Ca release, while calcite was
insoluble around a neutral condition. However, as pyrolysis temperature increased, carbonates underwent thermal decomposition to form
calcium oxide (CaO) as Eq. (1). CaO, when added to water, could release Ca2+ (Eq. (2)). Al and Ba likely behaved in a similar fashion with
Ca to release Al3+ and Ba2+ from biochar, respectively.

CaCO3

(1)

CaO + O2(g )

CaO + H2 O

Ca2+

+

different factors, which are technically or economically difficult to be
controlled in a laboratory environment, such as microbial community
and environmental temperature. Secondly, these findings call for the
attention of the biochar manufacture industry to the leaching potential
of PAHs from their synthesized biochar products. Stakeholders also
need to consider and even assess the potential PAH pollution to the
local environment where biochar is applied. Finally, the study will raise
public awareness on the PAH impacts associated with biochar application on human and ecological health.

2OH+
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Increasing release of these SSDB polyvalent metal ions with an increasing pyrolytic temperature had a potential to enhance the PAH
leaching. The leachable metals might behave like those in PAH-contaminated soil [38] which could constrain PAH desorption through: 1)
binding PAHs with the formed HOCs-(metal ions)-mineral linkages or
due to the formation of direct metal-PAH complexes; and/or 2) serving
as cross-linking agents to prevent PAH diffusion in the inner matrix.
SSDB is a unique matrix composed of organic and mineral phases.
HOCs in the SSDB, like soil organic matter (SOM) in soil, might form
complexes with inorganic particles through metal ion bridges or by
direct coordination with lattice metals [38]. Because HOCs may bind
hydrophobic PAHs, metal-HOCs-PAHs might be present in the SSDBs.
Moreover, it is also possible that PAHs directly formed complexes with
certain metal salts. Van de Wiele et al. (2004) found that the highest
distribution coefficient of PAH was for the complex between PAH and
bile salt when they investigated the possible complexes in a water
system composed of PAH, bile salt, and organic matter analogues. After
polyvalent metals (e.g. Ca, Al, and Ba in this study) originally “fixed” in
the biochar matrix were leached out, the release of associated PAHs
would be accompanied.
On the other hand, polyvalent metal ions could serve as crosslinking agents within the biochar organic phase. The inner biochar
matrix structure could hinder PAH diffusion and thus inhibit their
desorption. However, loss of the metals could reduce the degree of
cross-linking in the SSDB and altered the matrix structure to a more
flexible and open state, thereby favoring the diffusion and desorption of
PAHs.
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